Background: Radiation therapy is one of the main methods of treating localized cancer
Background
Nowadays, radiation therapy is one of the three main methods of treating localized cancer tumors. Photons are the most common type of particles in radiotherapy. 1 Despite major technical developments, 2 the exponential decrease in the number of primary photons remains the main problem due to the nature of photon interactions in matter. Thus, photons have no well-defined range and their dose profiles diminish exponentially. So, a considerable dose is received by healthy organs, before and after the tumor. Unlike photons, charged particles have relatively well-defined penetration range. The dominant mechanism by which charged particles lose their energies is inelastic interaction with the atomic electrons. They lose most of their energies near the end of their paths, at the so called Bragg peak. 3, 4 Beside coulomb interaction with atomic electrons and elastic nuclear scattering, protons moving inside the matter undergo inelastic nuclear interactions in which secondary particles, such as neutrons, photons, secondary protons, deuterons, are produced. 3 In the energy range used for proton therapy, neutrons and photons are the most important secondary particles, in a sense that they can travel far distances from the target tissue and store their energies in other organs, thereby increasing the risk of secondary cancers. 5, 6 Secondary particles in hadron therapy have two different origins:
• First, those produced in the delivery system placed before particles enter the body. These can mostly be avoided by proper shielding.
• Second, those produced inside the body itself due to the interactions of incident particles with the body tissues, which cannot be eliminated with mechanical techniques. Therefore, their flux and energy deposition have to be calculated in order to estimate the risk of secondary cancers.
Quite numerous studies, with both Monte Carlo (MC) and experimental methods, have dealt with this issue. [6] [7] [8] [9] [10] Measured neutron doses from clinical proton facilities vary greatly, partly as a result of different measurement techniques, and partly as a result of different beam geometries. 11 Kim et al. 12 compared secondary radiation doses from IMRT and proton beam therapy for lung and liver cancers using ion chamber and CR-39 detectors. They declared that the secondary dose per treatment Gy for proton beam therapy ranges from 0.17 to 0.086 mGy at 20-50 cm from the isocenter, whereas, it ranges from 5.8 to 1.0 mGy for IMRT. The internal neutron dose is much lower, ranging from 0.03 to 0.008 mGy. The dose due to the secondary neutrons and photons was estimated with Monte Carlo simulation for three existing proton therapy facilities by Agosteo et al. 10 They indicated that the dose from secondary particle for passive systems is 10 times higher than that for active systems. Paganetti et al. 6 used the Geant4 toolkit to simulate the proton beam line at MGH proton therapy center in order to estimate neutron doses to organs which are out-of-field. They divided the neutron dose into internal part, due to proton interactions in the body, and external part, due to proton interactions with components of the delivery system. Brenner and Hall 11 estimated neutron equivalent doses to relevant organs, based on the neutron doses reported by Paganetti et al., considering a conservative estimate of 25 for low-dose RBE. Then, they used these organ-specific equivalent doses to calculate lifetime cancer risks, using standard techniques which were described in the US National Academy of sciences BIER-VII report, and other radiation risk reports. [13] [14] [15] They estimated the overall lifetime cancer risk for a 15-year-old boy at about 4.7% and for a 15-year-old girl at about 11.1%. They indicated it to be larger for a younger patient and smaller for an older patient.
Aim
In this study we evaluated the energy deposition of the proton beam in the human brain phantom, and calculated the secondary neutrons and photons produced by protons. A good knowledge on pristine depth and lateral dose profiles in the target volume is necessary to choose a reasonable beam displacement to have a good conformation with the shape of the tumor, and spare the normal tissues. 16 Traditionally, dose calculations and TPS (treatment planning systems) in hadron therapy are, mostly, done in water 17 due to its proximity to soft tissues. To be more precise, it would be better to take into account the exact composition and sequence of different tissues. 18 This, indeed, is the main task of this work.
Materials and methods

Head phantom
The simplified head phantom was modeled. The tissue properties, from up to down, in vertical direction are 0.2 cm human skin, 0.3 cm soft tissue, 0.9 cm cranium, 11.5 cm brain, 0.9 cm cranium, and, finally, 0.5 cm soft tissue as presented in Fig. 1 . Mass densities and compositions of the organs are given in Table 1 Here, the lateral dimensions of the phantom were considered in accordance with the maximum values of the brain in the MIRD-ORNL phantom as 17.2 cm × 13.2 cm. 20 Mono energetic proton pencil beams perpendicular to the layers and toward the bottom of phantom were used, as showed in Fig. 1. 
3.2.
Beam configuration PBS (pencil beam scanning) system requires less material in the beam line; range modulator wheel, patient-specific aperture, and compensator are not required. This substantially reduces the secondary particle production in the beam line. Thus, for pencil beam scanning systems the major source of secondary particles is the interaction of primary protons inside the patient, and not in the delivery system. 21 As the goal of this study, we investigated the energy deposition and secondary particle production inside the head phantom, we considered a simple pencil beam that is the outlet of a typical spot scanning delivery system. Here, we concentrated only on the interaction of the proton beam with the body tissues, and, therefore, the real beam line configuration did not matter. The beam in accordance with some active beam line facilities 3, 22, 23 is considered to have 7 mm of FWHM at the skin surface. The energy deposition and also absorbed dose were calculated in various tissues of the slab head phantom for different energy beams with the goal that the proton Bragg peaks fall inside the brain tissue. The method of changing the beam energy depends on how the proton beam is generated. If a synchrotron is used, the energy can be changed dynamically, whereas in cyclotrons, energy may be changed by employing an energy selection system that is a set of energy degraders with different thicknesses. The ratio of the Bragg peak in depth dose profiles depends on the method used to change the beam energy. In the latter, some of the particles are removed from the beam as a result of scattering in the mechanical rang-shifters; for peaks with smaller depth, corresponding to thicker degraders, the height decreases; whereas, for the former, any increase in energy causes the energy and the range straggling to increase. Therefore, the width of the Bragg peaks increases for deeper seated peaks and, as a result, the height decreases. We considered a system in which the beam energy was changed dynamically. Using a mathematical algorithm, with the pristine dose profiles obtained from simulations for different beam energies as its input, the weight for each pristine peak was calculated in such a way that the spread out Bragg peak (SOBP) was reproduced longitudinally, and a flat dose distribution in the depth of the target volume was generated. Acquiring proper weight for each pristine peak is based on solving a set of linear equations explained by authors, in a yet-to-be-published work, to design a range modulator for a passive beam line. For a better conformation of the dose distribution with the target tumor, and sparing critical tissues in its proximity, it is essential to have the precise results for pristine depth dose profiles and the width of each peak. Our calculations show that to have a nearly uniform dose distribution in the tumor region using a typical spot scanning system, the beam displacement, both in traverse and depth, should be linked to the beam energy or, in other words, to the peak position. 24 For example, if the center of a typical tumor is placed 2 cm deep inside the brain, corresponding to the peak position of 70 MeV protons, to have a good modulation along the depth, the adjacent layers should be 0.5 mm apart (the average standard deviation of peak positions affect the modulated profile). If the tumor is located in a depth corresponding to 100 MeV protons, this distance should be 1.2 mm (average standard deviation of the peaks) to have uniform SOBP without ripples in dose distribution.
Secondary particles produced in the body of the patient, can impact the organs near the target region, and contribute substantially to the equivalent dose, whereas, those created in the delivery beam line, influence the whole body and affect the effective dose. 25 The secondary photon and neutron productions were studied along with the amount of energy escaped with these particles from the head. These are the main sources of secondary particles in the organs near the target volume in a typical scanning system. Finally, the energy spectra of these particles were determined.
MCNPX
The Monte Carlo simulations were performed using MCNPX (Monte Carlo N-Particles eXtension) code version 2.4 which is a modern, general-purpose Monte Carlo code developed at Los Alamos National Laboratory in USA. 26 MCNPX is the extension of MCNP code which is capable of tracking nearly all particles at nearly all energies. MCNPX utilizes the latest nuclear cross section libraries and uses physics models for particle types and energies where tabular data are not available. Several tally cards can be used to score different physical quantities. The tally results are tabulated in the pair of mean and relative errors. 27 In the MCNPX, the energy of the residual nuclei and the non-traced particles are considered to be deposited locally at the point of production. To have more accurate results, one should track all particles that are predicted to be produced. In our simulations, protons, neutrons, photons, deuterons, tritons, helium-3 ions, and alpha particles were transported.
As for the cutoff energies, for being as precise as possible, they were set to the minimum values that can be traced in MCNP, i.e.; 1 MeV for protons, and 1 keV for electrons, positrons, and photons. As soon as a particle's energy falls below the cutoff, the transport simulation is terminated and all its remaining kinetic energy is deposited locally. We used the mesh tally type 3, and for some results the +F6 heating tally, to obtain volume-doses, or the depth dose profiles. By these tallies, the energy deposition by all charged particles, heavy nuclei, and energy deposited locally for particles created but not tracked, are scored. The mesh tally gives the energy deposition averaged over the volume, not the mass. Therefore, the mesh tally result should be divided by tissue densities to change the tally result to the dose.
Results and discussion
Depth dose calculation
The calculated results of depth dose profiles for proton beams with 10-MeV steps and energy range 40-160 MeV in the phantom are shown in Fig. 2 . It can be seen that, for this arrangement, the Bragg peaks fall inside the brain. All energy and dose calculations were carried out until the errors shrank to less than 0.1%, achieved for about 2 million particles. Depth dose profile and dose average linear energy transfer (LET) of 100 MeV proton beam are shown together in Fig. 3 . LET increases with depth like absorbed dose and the upswing in the LET curve appears at a depth slightly greater than that of the dose curve and goes slightly beyond the dose peak. This is due to the fact that at the end of proton range, the average stopping power and, hence, the LET, increase as a result of decrease in the particle energy. On the other hand, some particles disappear in this region and, as a consequence, the dose, that is the product of particle fluence and stopping power divided by organ density, decreases, and the depth dose profile is in its distal region. This causes a very slight extension of the iso-effective dose beyond the physical dose.
We considered a typical tumor with the same composition of the brain tissue, spreading 2 cm inside the brain along the beam, with its center seated in a depth corresponding to the 100 MeV protons that means around 5 cm depth in the brain. Now, the goal is to come up with a flat dose region in the volume of interest. To achieve this, after establishing peak positions and range stragglings for different beam energies and proper fitting, appropriate beam energies that may cause an approximately flat dose distribution in the desired volume, were determined. 22 The energies ranged from 92.1 MeV to 108.0 MeV in 18 steps. The weight of each pristine depth dose profile was also obtained to create the SOBP in the depth of the tumor. On the basis of the calculated weight for each energy, one can say that the average proton energy is 103.6 MeV. The modulated profile with the modulation width of about 2 cm, along with the weighted pristine depth dose profiles, is shown in Fig. 4 . Characteristics of this profile, such as 95% modulation (M95) which is the distance between two points in proximal and distal regions where the dose falls to the 95% of 100% dose level, the (80-20%) penumbra that identifies the fall in the distal region, and a practical range in which the dose falls into 10% of 100% dose level, are shown in Fig. 4 . These weighs were implemented in the MCNPX input file to simulate and obtain the dose distribution in the phantom. The two dimensional (2D) dose distribution for a 100 MeV mono energetic proton beam, and the modulated profile are shown in Figs. 5 and 6, respectively, for a typical spot scanning system.
The role of the intensity modulated beam to spread out the Bragg peak longitudinally in the tumor volume is seen in Fig. 6 . Indeed, by altering the beam energy with weighted intensity, one layer of the tumor is scanned each time. As mentioned before, the distance between neighboring layers should be chosen in proportion to the distal fall of the pristine profiles which depend on energy. This links the "layerinterval" to the modulation range position for a dynamical energy change in a spot scanning system. This, does not apply to passive scattering beam lines, or active beam lines that use an energy selection system (set of degraders) to adjust the beam energy; particles meet approximately the same tissueequivalent-range, and experience a similar range straggling and, hence, all pristines have the same peak width. It is clear that to broaden the dose pattern laterally, the spot should move transversally in proportion to the lateral penumbra of the lateral dose profile. 24 
Absorbed energy
To evaluate the energy deposited in the brain region, monoenergetic proton pencil beams were considered to irradiate a slab head phantom. It was seen that beams with energies higher than 140 MeV lost part of their energies in the organs after the brain. Thus, it is expected that the energy deposit within the brain increases up to the maximum, as the energy of the incident beam is increased, and thereafter, due to protons penetrating the organs after the brain, starts to decline. In Fig. 7a the energy deposit in the brain region is shown. The 40 MeV proton beam is not able to penetrate the brain tissue, but for higher energies, the energy deposit in the brain increases until going beyond the energy of ∼135 MeV, this is shown in Fig. 7b as percentage. At the optimum energy of ∼135 MeV, there seems to be 89% of it deposited in the brain. Needless to say, these figures depend on the location of the tumor. For instance, if the tumor is located in the middle of the brain, say 5 cm deep inside, a 100 MeV beam would be required to place the Bragg peak at the same position; for this energy, the energy deposit within the brain is about 80%. From an earlier work of ours 22 and the result just quoted, one can conclude that with a 100 MeV proton pencil beam, a middle seated brain tumor with lateral dimensions of about 5 mm can be well targeted, and expect an energy deposition of 80% in the brain. For the aforementioned intensity modulated profile, an average of about 85.6 MeV (82.6%) of proton energy is deposited in the brain volume, out of which, 32.8 MeV is lost in the tumor. For the SOBP profile of Fig. 4 , on average, 32% of the proton energy is deposited in the tumor. For this profile, the peakto-entrance ratio is 2.2, which is 2.7 times smaller than the corresponding value for the 100 MeV beam energy. Fig. 8a shows the energy deposition within various tissues embedded in the slab head phantom, for proton pencil beams of 70, 100, 130 MeV, and also for the modulated profile. The percentage of deposited energy per source particle energy for the tissues is shown in Fig. 8b . It is seen that for beams with their Bragg peaks entirely inside the brain, the energy deposit in the brain increases with the beam energy, and for tissues located before (after) the brain, it decreases (increases).
The energy losses in the organs along the particle tracks are shown in Fig. 9 as functions of incident beam energies between 40 and 145 MeV. Fig. 10 shows the absorbed doses (nGy/particle) for various organs along the particle tracks versus the incident proton energy. It can be seen that by increasing the beam energy, the energy deposition in the organs located before the brain decreases. Especially, for upper part of the cranium this decrease in energy deposit is faster. At similar conditions, for organs located after the brain, the energy deposit does not show any noticeable change up to ∼140 MeV. This confirms the role of protons in the treatment of deep-seated tumors.
Production of secondary neutrons and photons
Two most important secondary particles, i.e. neutrons and photons, were paid special attention to in this study. All "nonprimary" particles are produced either by the interactions of the primary protons, or by the interactions of the secondary particles. In Fig. 11a and b the neutron and photon productions per primary protons are shown, respectively, as functions of proton energy. It is seen that by increasing beam energy, the production increases. Neutron and photon productions at E p = 40 MeV, rise from 0.27% and 1.60%, respectively, to 10.14% and 9.10% at E p = 140. For both curves, the calculated data are well fitted by quadratic functions whose constant parameters are given as legends in the figures 12a shows the amount of energy escaped from the head by neutrons and photons, and Fig. 12b shows the same results in percentage. The quadratic function fitted to the neutron data is also given in Fig. 12b . While the escaped energy by secondary photons has small variations with the incident proton energy, this value for neutrons is strongly energy-dependent with respect to the incident proton energy, and goes from zero at 40 MeV to 2.44 at 145 MeV.
It is interesting to note that at all energies; the escaped energy by photons from the head phantom is approximately constant and about 0.10%. A closer look shows that it averages 0.16% with a standard deviation of 0.02%, whereas, for neutrons it changes from 0.02% at 40 MeV up to 1.68% at 145 MeV. Thus, we can conclude that for proton beams with energies of 60 MeV and higher, the escaped energy by secondary neutrons is larger than that of secondary photons. For high beam energies of around 120 MeV, the fraction of energy that escapes by neutrons is almost 10 times greater than that of photons, and even becomes greater for higher proton energies. This justifies the vast number of studies and publications on secondary neutrons compared to secondary photons. 6, 7, 9, 11, 15, 25, 28 The overall fraction of proton energy that escapes by secondary neutrons and photons, range from 0.14% to 1.86% for incident proton beam-energy range 40-145 MeV. At energy of 110 MeV, this figure is about 1.00%. For the modulated profile, neutron and photon productions are 4.9% and 7.3%, respectively. Here, the energy escape by neutrons is 0.53%, and 0.19 for photons. Fig. 13 shows the energy spectra of neutrons produced per incident proton for three different beam energies of 70, 100 and 130 MeV. It is seen that the neutron spectra have relatively large peaks at low energies; however, the spectra tail to high energies with smaller intensities. Fig. 14 also shows the energy spectrum of photon produced a 100 MeV incident proton. The characteristic photon energies due to nuclear transitions of radioactive atomic nuclei produced in the interactions, mostly by the primary protons or other secondary particles produced in the tissue, are illustrated in the figure.
The maximum non-elastic nuclear cross-section occurs at about 10-50 MeV. 29 Thus, it is expected to see a maximum for secondary particle population in the depth corresponding to 10-50 MeV, as shown for neutrons in Fig. 15 . Since the peaks appear when protons come to about 5-8 MeV, the maximum in the secondary population occurs just before the Bragg peak. Substituting the phantom with a water tank of the same dimensions, it is clear that the depth dose profiles affect as a result of different composition and density. Using a water tank, instead of the detailed phantom and for the tumor specified in Fig. 4 , the whole energy that escapes from the treatment volume by secondary particles and goes to a region far from it, decreases approximately 0.2 MeV. It is clear that for tumors seated deeper in the brain, the difference would be more than this value.
Conclusion
For the geometry of our choice, and proton pencil beams of ∼40-140 MeV, the Bragg peaks fall inside the brain tissue. A typical SOBP profile is created using proper mono energetic proton pencil beams with their relevant weights. A 2D-intensity modulated dose distribution for a single spot is obtained, and the portion of energy that is deposited in the tumor is calculated. Energy deposition increases to a maximum value of about 90% at 135 MeV. Energy depositions and absorbed doses in different tissues located before and after the brain were calculated. We obtained quadratic functions with appropriate parameters for both neutron and photon secondary production. The fraction of energy escaped by photons is approximately constant for all energies and has a mean value of 0.16%, while for neutrons it changes as a quadratic function of beam energy from 0.02% up to 1.68%. Our MC results show that the escaped energy by neutrons at 145 MeV incident proton beam is 2.44 MeV. It is shown that for highenergy proton beams, most of the escaped energy from the head is due to secondary neutrons. For instance, at about 120 MeV, the energy escaped by secondary neutrons is almost 10 times greater than that of photons. The overall fraction of proton energy that escapes by secondary neutrons and photons is approximately 1% for incident proton beam of 110 MeV, and 1.86% for 145 MeV protons.
